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A FLIGrRT INVESTIGATION OF THE THERMAL PEOPERTIES 



OP AN EXHAUST HEATED WING DE-ICING SYSTEM 
ON A LOCKHEED 12-A AIEFLANE 
By Lewis A. Rodert and Laurence A, Clousing 



SUMMARY 



The thermal properties are presented for the exhaust 
heated wing de-icing system of a Lockheed 12-A airplane 
which has successfully prevented wing icing in 25 hours 
of flying in various icing conditions. The quantities of 
heat supplied for de-icing of the wings under various con- 
ditions were measured and are presented. The di st r ihu t ion 
of temperatures ahove the amhient air temperature for the 
wing surface under various operating conditions are given. 
The design and construction of the wing heating system 
are descrihed and design factors relative to the weight, 
maintenance, and the applicability to exhaust heating on 
other airplanes are discussed. 



INTRODUCTION 



In a recent confidential report (reference 1), an in- 
vestigation was described in which a Lockheed 12-A air- 
plane equipped with exhaust-heated wings was flown in icing 
conditions to determine the extent of ice protection which 
could be afforded by the thermal method. As noted in ref- 
erence 1, and further substantiated in more recent flights, 
the heating system employed on the test airplane provided 
adequate protection against ice formations on the wing sur- 
faces. In the present investigation, the quantity of heat 
employed in the ice-prevention system and the manner in 
which the heat was distributed over the wing surface were 
determined. Information on additional topics which will 
be of interest to designers such as added weight, corro- 
sion data, thermal- expansion and st rue ture- temperature 
data, maintenance problems, effects on performance, and 
notes on the operation of the system, have been obtained 
and are reported. 

The tests were made in flight in the vicinity of 
Moffett Field, California, from the Ames Aeronautical Lab- 
oratory of the National Advisory Committee for Aeronautics. 
The observations relative to the maintenance and overhaul 
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of the ice prevention system have' been made with the bene- 
fit of the experience obtained from 131 hours' flight time, 
of which approximately 2.5 hours have been in icing condi- 
tions. 

The heat~er>change system employed for the prevention 
of ice on the airplane win^ was designed from data taken 
from references'^ 2^ 3, and A. Inf orm? t ion from reference 2 
indicated the quantity of heat which would be required 
for raising the surface temperature of the wing a given 
amount, and reference 3 suggested approximately to v/hat 
temperature the surface should be raised in dry air in 
order to de-ice the wing durin-j; icing conditions. Refer- 
ence 4 gives the basis for calculating the transfer of 
heat from the exhaust gas to the exhaust tube, from the 
tube to the air in the leading edge, from the air to the 
wing skin, and from the tube to the wing surface by radi- 
ation. In the investigation reported in reference 5, the 
validity of the calculations for the design was experi- 
mentally examined by model tests in simulated icing con- 
ditions. Preliminary to undertaking the alterations to 
the test airplane, consultations vrere had with represen- 
tatives of the Army Air Corps, the ilavy Bureau of Aeron- 
nautics, air transport companies, airplane manufacturers, 
and other technical experts in order to obtain a complete 
coverage of competent: opinion on the design. 

E'^UIPMl^HT ' ' ' 

A description of the equix:)ment employed in the in- 
vestigation v/as given in reference 1, but is repeated and 
somev/hat expanded in the present report. The test air- 
plane, shown in figure 1, is a Lockheed 12-A commercial 
transport airplane, equi-pped with tvzo Pratt & Whitney, 
450-hor s epower , V/asp Junior engines, and 8-foot, 10-inch 
diameter ,.. cons tant-speed propellers. The win^s are heated 
by the pas sage • of all or part of the engine exhaust gas 
through wing exhaust tubes, which are installed along t'he 
v/ing , leading-edge interior. The degree of heating and, 
to some degre.e, the distribution of the heat are controlled 
from, the pilot's cockpit. The j)^i^cipal elements which 
comprise the wing heating system are shown in figure 2-.» 
Heat from the. 'exihaus t gas v/hich flovjs along the v/ing tube 
is transmitted to the tube wall and thence, to 'the v/ing ... . 
structure as a result of (l) convection and conduction ; 
thr.ough the air in the leading edge, and (2) radiation 
from the tube wall. The circulation of air through the 
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wing interior, the path of which is shown in figure 2, is 
controlled by a valve at the air inlet. A "baffle plate, 
extending from the wing root to tip, directs the flow of 
air along the leading edge. Figure 3 shov/s the heated 
wing in section, with the important structural components 
noted. The haffle plate serves also as a frorxt shear 
we"b,and, in effect, a fire wall in the event that any leak 
age developes in the exhaust tube. The circulation of 
air through the v;ing serves other purposes in addition to 
the heat- transfer function. The passage of air along the 
wing leading edge is intended to prevent structural parts 
near the exhaust tube from being overheated, and to pre- 
vent the accumulation of corrosive, explosive, or poison- 
ous gas in the wing interior. 

The pilot's controls for the wing heating system are 
shown in figure 4- The exhaust tail pipe and e:-:haus t con- 
trol valves are shov/n in figure 5. A c lapioe r-type valve 
over the normal discharge of the exhaust closes simultane- 
ously v/ith the oijening of a butterfly valve in the wing 
heating tube elbov/. A choice of eleven positions of this 
valve system is provided. 'rfhen the control is in the 
"off" position, all of the exhaust is discharged directly 
to the atmosphere; and v/hen in the "full-oa" positioii, all 
of the exhaust is passed through the wing. Surface ori- 
fices and thermocouples are provided in the exhaust te.il 
pipe and exhaust collector, by which pressure and tempera- 
ture measurements are made. The exhaust tail pipe is 
constructed from 0*050-lnch-thick stainless steelr A 
double-ball universal Joint between the tail pipe and the 
v/ing exhaust tube is employed to allow for motion due to 
vibration and thermal expansion. 

ligure 6 shov/s the center-section wing leading edge, 
looking inboard tov/ard the engine nc.celle with the leading 
edge oeyond. the wing joint removed. The inboard end of 
the wing leading edge is shown in figure ?• The v/ing tube 
is unrestrained from spanwise movement vfithin the wing 
except at the inboard end ball joint. Chordwise restraint 
and support are provided at several rib stations along the 
span. The types of construction of the tube supports at 
rib stations are shown in figures 8 and 9, The coil 
springs and mounting rings are made of inconel; most ribs 
and leading-edge skin are of aluminum. The ribs in the 
leading edg:e at the tip stations are made of inconel; the 
support clips are of stainless steel. At all points along 
the wing exhaust tube where restraint is provided, the 
tube is reinforced to prevent abrasion at these points 
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from ceusiuf* a rn.ptnre in the tube wall and sabsequent ga^ 
1 eai^age . 

Tue discharge end of the wing exha-ast t-uhe is shown 
in figure 10. It T^ill he noted from a comparison of fig- 
I'.res V and 10 that the wing exhaust tube is tapered fron 
the wing root to the wing tip. At the wing root, the 
tube is circular with a S-inch diameter; and at the tip, 
the tube is elliptical, the major and the minor axis being 
4u75 and 2 incaes, respectively. The tip end of the tube 
protri^des through the wing'-tip rib and is free to exT)and 
linearly when heated. The discharge of exhaust gas from 
the ^ing tube is into the tip shroud, shown in figure 11:, 
The shroud is constructed from inconel. The tip skin 
near the shroud and the forward shear web to which the 
shroud is attached are made of stainless steel. No pro- 
vision was made for thermal expansion in the wir-g-tip 
const rue t ion o 

The parts of the exhaust tube are assembled in such 
a manner that each part can be removed independently of 
the remaining system. Tho tail pipe and the wing tube 
elbow are removable without removing the wing or the wing 
leading edge, and the wing leading edge and the wing tube 
are removable without disturbing the inboard end of the 
exhaust system. The wing tube is removable from the 
lead ing- edge st ructure o 

Drain holes are made in the lower wing surface to 
provide for the removal of water taken in with the circu- 
lating air. The interior surface of the wing leading edge 
is treated v/ith zinc chroraate primer, a corrosion- resist- 
ant paint. Although it was noted in the analysis of th3 
heating system that the transfer of heat by radiation 
would be increased by treating the exterior of the wing 
exhaust tube and the interior of the wing leading edge 
with a black paint, no special treatment was applied to 
these surfaces. Futare tests will be made to investigate 
the effect of black surfaces on the heat transfer in the 
wing. 

The exterior of the wing siir.face along the leading 
edge was made as smooth as possible* It was also noted 
in the analysis of the heating system that the quantity 
of heat required for a given surface temperature rise 
was reduced by preserving laminar flow. ' To this end, 
flush rivets were used and skin joints "avoided over the 
leading-edge surfaceo 
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The weight of the v/ing heating system was found to 
he ahout 100 pounds, which is ahoxit 1.1 percent of the 
airplane v/ eight o 

The temperatures of the heated v/ing skinj critical 
striictural parts^ circulated air, and the engine exhaust 
gas were recorded "by the \ise of thermocouples.-, The posi- 
tion of the thermocouples and the ohject of temperature 
measurement are given in figure 12. The engine exhaust- 
gas tem.perature was measured at three points in the col- 
lector ring, in the tail pipe, in the entrance to wing 
heating tuhe, and in the discharge of the exhaust at the 
v/ing tip. The temperature of the airplane structure was 
measured at tv/o points in the main v/ing "beam, at a typical 
rih in the leading edge, at two points in the wing "baffle, 
and at one point in a protective shroud near the wing- 
center section joint. The circulating air temperature was 
measured at five points. The temperature of the upper and 
lower wing covering was measured at I3 points, ten on the 
upper and three on the lower surfaceo The thermopot ent ials 
were recorded "by the use of tv/o mi llivolt met er s and a 
phot or ecorder o Recorded simultaneously with the potentials 
of the thermocouples were the altitude, air speed, air 
temperature^ and tim.ec 

A v/at er-f ill ed U-tuhe manometer was used to measure 
the hack pressure in the exhaust manifold which resulted 
from passing the exhaust gas through the wing ductr The 
flight instriiments normally used in the Lockheed 12-A air- 
plane were employed to record ohserved flight and engine 
dat a . 



TESTS 



The flights during which the heat- exchange data were 
taken follov/ed the investigation in inclement weather, the 
results of which are reported in reference 1, As described 
in reference 1, ice was prevented from forming on the wing 
surfaces hy the use of the heating system. Figure I3 
demonstrates the protection afforded hy the heatin,'^: sys- 
tem, showing the leading edge of the wing after a flight 
in severe icing conditions. The small tell-tale strut 
mounted ahove the wing shov/s the ice formation v/hich re- 
mained on this part after the flight. 

With the knov/ledge that ice prevention was effective, 
the heat- exchange tests herein descri"bed were made to de- 
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termine the amount of heat supplied to the wing surface 
"by the exhaust gas under various operatin^^ conditions, 
and the variations in the temperature of the v/inp due to 
variations in engine power and air speed, air-fuel ratio, 
air circulation through the wing, and atmospheric condi- 
tions. Most of the flights were made in dry air - that 
is, air free from clotids . The ohject in conductin^^ the 
thermal investigations in dry air is to provide data on 
a proven ice-prevention system, comparisons to \/hich can 
"be made "by airplane manufacturers without recourse to in- 
clement weather tests. One flight was made in an alto- 
stratus cloud during which icing conditions were encoun- 
ter ed o 

RESULTS AO Discussion 

Therm.a.l des i{r:n> >^ The numerical data olotained in the 
present inves t igat ion are given in tahles I and II, TalDle 
I gives the pertinent flight data and the dis tr ihut ion of 
the heat from one engine. The purpose in presenting these 
data is to reveal approximately the thermal values involved 
in the exhau.st heating system. The difficulty of measuring' 
the exhaust-gas temperature and calcvlating the rate of 
flow is recognif^ed and the possibility of errors in the 
order of 10 percent is acknowledged* Tahle II gives the' 
t em.peratur es measured in the wing heating system. Actual 
temperatures are given; hut in the design of a v'ing heat- 
ing system it should >e noted that the difference hetween 
the air t emp er .':.t ur e and the heated win/:: temperature, which 
can he computed from the tahle, is important. Attention 
is directed to the index notes in tahle II which give the 
variations in the heating conditions. 

Figure lU shows graphically the results of one test 
which is given numerically in tahle I. Figure I5 shows 
gra-ohically the temperature rise over the wing surface at 
three chord stations and for three flight conditions. The 
temperature-rise curves in figure I5 are faired from thermo- 
couple data in the vicinity of the wing stations shown. 
The data in figures lU and I5 are typical test results. 

The heat supplied to the v;ing was infliienced only 
slightly hy changes in fuel-air ratio. While the tempera- 
ture of the exhaust gas es is greater for lean mixtures, 
the transfer of heat to the v/ing surface vjas greater dur- 
ing flights with rich mixtures, other factors remaining the 
same. The circulation of air through the wing increases 
the quantity of heat delivered to the wing surface "but 
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disrupts the temperature uniformity, as v;ill "be noted 
"belov/. The heat delivered to the v;in,g surface increases 
v;ith increase in power, and therefore normally increases 
with speed* It is of interest to note that, with in- 
creasing speed, the loss of heat from the vring does not 
increase as fast as does the heat supply. from the engine, 
as demonstrated hy the higher surface temperatures at the 
highest test speeds. The full pov/er of the engines was 
never reached during the tests, although the maximum ai- 
lowahle cruising power of 300 horsepov;er. was approached 
in tests 11 and 12 during which 288 horsepower was em- 
ployed* 

As a generalization from the test results, it may 
be stated that the temperature of the forv/ard 20 percent 
of the heated v;ing surface is raised approximately 70^ 5" 
above the air-stream temperature. The temperature rise 
of the wing surface between the 20-percent and 70--percent 
chord points varies from about 70^ ? at the forward sta- 
tion to less than 10° F. at a,nd in rear of the rear sta- 
tion. The temperatures along the span are highest at the 
wing tip. The temperature of the leading-edge skin near 
the air inlet (see fig. 2) approaches the air tempera- 
ture vrhen circulating air is admitted. V/hen the air valve 
is closed, the temperature of the leading edge is uniform, 
along the span. a change in the air circulation system 
is planned whereby circulation may be provided and the 
temperature along the span maintained uniform. This vrill 
be done by taking the circulating air into the wing at a 
point on the lower surface of the wing and nearer to the 
engine nacelle. 

The small temperature rise along the trailing edge 
results in temperatures slightly below freezing for this 
region when air temperatures in the vicinity of 20^ F are 
encountered. during flights in icing conditions . (reported 
in reference l) and at air temperatures below 20^ thin 
films of ice were observed to form at scattered points on 
the wing surface near the trailing edge. These formations 
have never exceeded l/8-inch in thickness and are not con- 
sidered serious. .Protrusions or surface roughness of small 
dimensions in the region of the trailing edge cannot pro- 
duce a serious effect upon either the lift or drag of the 
wing. 

The danger of ice forming on the after portion of 
the wing is small , becaus e , during conditions when a large 
quantity of condensed moisture is present in the air, the 
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air t einT)eratur e is highj and it has "been observed that 
even a small surface temperature rise will prevent ice. 
accretion^ When the air temioerature is low in the icing 
ran^r^e, the quantity of condensed moisture is small; the 
drop sizes are very small; and little water makes contact 
with the win,^ at the leading edge, less near the trailing 
edge« 

The rate of ice forination and the frequency of icing 
storms are greatest at air temperatures in the vicinity 
of 26^ F; under these conditions the temperature rise re- 
quired for ice protection is small as shown hy icing 
tests. During one icing flight the heat control was 
placed, in the "off" position for a period to determine if, 
when turned on again, ice could he removed. With the con- 
trol in the "off position, sufficient gas leaked past 
the exhaxist valve to. prevent the formation of ice. The air 
temperature during this test was 27^ The temperature 

rise of the wing surface with the heat turned off v/as ahoiit 
20^ P as shown hy test o, tahle I. It is suggested that, 
when greater experience has. "been obtained in the o-oeration 
.of aircraft in icing conditions, the t env^er atur e rise pos- 
sible with the heating system tested, will he considered 
greater than necessary f or prot ect ion in ice storms within 
the United States region. 

The tem-nerature rise which is required for ice pro- 
tection is determined hy the temperature range of icing 
storms in which operations are anticipated. As the air 
temperature decreases the total- amount of water in the air, 
the quantity of condensed water in the air, and the drop 
size become smaller* In consideration of small water con- 
tent, a calculat ion . of the heat ret-mired for ice "orotec- 
tion at very lov; temperatures ma^^ be made on' the basis of 
dry-air heat- 1 r ansf er data. It will be noted by way of 
illustration that tests I3 and lU (see table II), which 
were made in icin,'?: condit ions , gave substantially the same 
temperature rise of the surface as was obtained during dry- 
air tests. Also during an ice prevention test in moderate 
icing conditions 5 the re-i^^ults of which are shown in figure 
21 of reference 1, the wing surface temr>eratures along the 
wing leading edge were found to be over 60^ F abovo the 
air-stream t emp eratiir e , whi ch was at 0^ I when the measure- 
ments were recorded. Reference 5, table II, however, in- 
dicates that the presence of v/ater in the atmosphere^ 
in large quantities such as- may be found at t einr> er atur es 
in the vicinity of 32° alters the heat transfer coeffi- 
cient by about 25 percent of the dry-air coeffici ent . Thus 
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while the larger quantities of water present in the air 
at temperatures near 32^ F will prevent the same temper- 
ature rise as obtained in dry air, this is unimportant 
for design considerations inasmuch as the design' condi- 
tions will be the provision of protection at air tem- 
peratures below 0^ F, the heat for which may be calcu- 
lated on the basis of dry air transfer coefficients. 

The protected wing area of one heated wing panel is 
approximately 100 square feet, and the total heated area 
per semiopan is 200 square feet since both upper and 
lower surfaces must be considered. The quantity of heat 
per square foot supplied to the wing as obtained by divid 
ing the total values given in table I by 200 is found to 
vary from 664 Btu/sq ft,, hr at 118 miles per hour to 1280 
Btu/sq ft, hr at 170 miles per hour, indicated air speeds 
The values of heat supplied thus are found to be in close 
agreement with the thermal data given in table III, ref- 
erence 5. The value of 1300 Btu/sq ft, hr as given in 
table II, reference 5 is probably a safe and conservative 
figure to use, but it should be noted that the velocity 
and scale of the airplane must be considered, as will be 
discussed later. Since sTiccessful ice prevention was ob- 
tained on several flights during which only a part of the 
full heating capacity of the wing was employed, it is be- 
lieved that future experience will demonstrate that de- 
icing is possible with 1000 Btti/ sq ft, hr. 

S t rue t ura 1 _c q^^ The temperatures in the 

wing structure which result from the use of the exhaust 
heating system as shown in table II are not excessive. 
The structures on which thermocouples at IE, 2B, and 3B 
were located were made of heat- and corrosion-resistant 
steel, as it was anticipated that these would be the hot- 
test striictural members. Since the strength of aluminum' 
allovs is not seriously affected by temperatures under 
300^ F, all of the wing structure could have been made 
of aluminum with the exception of the baffles and shrouds 
near the nacelle end of the exhaust tubec The tempera- 
ture of the e::haust tube near the tip is low (under 400^ 
F) , and therefore aluminum parts are not in danger of 
overheating if a small air gap is provided between all 
parts and the tube. The temperature of the main beam, 
rib flanges, stringers, and all other primary structural 
parts did not exceed 150^ F* The materials used for the 
heated wing structure and the duct system is believed to 
be satisfactory for practical application. Owing to the 
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need for corrosion resistance, the use of stainless steel 
will be found Justified at some points not having a largo 
temperature rise. In the vicinity of the wing tip, ex- 
haust gas leakage resulted in excessive corrosion of the 
aluminum sliin after 120 hours ^ service. The defective^ 
plates were replaced with stainless steel* A c-.ange that 
is to be made in the design of the tip shroud T7ill elimi- 
nate the gas leal-ageo For the i.iain wing structure, any- 
material that is satisfactory at temperatures resulting 
from exposure to a bright sumiier sun will be suitable for 
a heated wiiig^ 

The double-ball Joint between the wing tube and tail 
pipe has been found satisfactory. The double flanged 
elbow in the tail pipe (see fig- 5) allows a slight ex- 
haust gas leakage, and when first put in service, several 
bolts were broken duo to expansion. The gas leakage in 
the region of the elbow was counteracted by shrouding 
this section of the exhaust tube and venting the shroud to 
the air stream. Tne breaking of bolts is believed to have 
been due, in part, to initial tension, since, by not draw- 
ing the flange bolts down tight, further breakage has been 
avoided. 

•Vibrations in the semi-elliptical tip shroud (see 
•fig.- 11) caused a crack along the leading edge at the dis- 
charge end. Three stiffeners, which appear as vanes in 
the end of the shroud, were installed which prevented re- 
occurrence of this failure. 

Some gas leakage into the wing leading edge at the 
wing tip has also been observed. A scheme for the solu- 
tion of this problem has been in operation for an insuf- 
ficient time to determine whether the method 'is satis- 
factorya Continued attention is being given all main- 
tenance problems related to the heated wingo 

Perf 0 rmanc e »- The back pressure in the exhaust col- 
lector ring due" to the passage of the gas through the wing' 
tube was found to be insufficient to produce any measura- 
ble effect on the performance of the engines. The great- 
est back pressure measured was 7 "^/b inches of water, as 
given in table I. It seems probable that even this amount 
could be reduced by permitting the exhaust to follow a 
more direct path from the engine collector ring to the 
•wing tube. Since the preoent installation was the result 
of alterations to an airplane already built, the most 
direct path was very difficult to obtain, and the present 
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structure was chosen as a comp romi s o • The installation 
and operation of the heating system has had no effect 
upon the performance, control, or stability of the air- 
plane. 

It may he of interest to note that the efficiency of 
a heated wing de-icing system should be greater when ap- 
plied to a low-drag wing inasmuch as the heat transfer 
coefficient decreases with the decreased skin friction 
coefficient, as discussed in reference 7, and consequently, 
there is less heat loss to the outside air^ 

•^.£1. i Jti^^l,HtS. series of in- 
vestigations conducted by the National Advisory Committee 
for Aeronautics have demonstrated that heat from the en- 
gine exhaust gas can be delivered to the a irp Ian e . wing 
surface in sufficient quantity and with sufficient uni- 
formity to provide reliable ice protection. The investi- 
gation has indicated the magnitudes of the thermal values 
involved in the design of one full-scale heating system- 
The provision of wing heating in the design of an air- 
plane obviously involves some penalties the magnitude of 
which, evaluated in relation to the protection to be ob- 
tained, should determine the type of installation. 

If it has been decided that an airplane is to operate 
extensively in inclement weather and is to be exposed of- 
ten, and during long flights, to icing conditions then in 
consideration of the need for high aerodynamic efficiency 
the costs of wing heating appear to be small compared to 
the protection and other advantages which are obtained. 
The aerodynamic effects of other de-icing means are re- 
ported in reference 6. 

An expression containing the factors v/hich are in- 
volved in the design of the exhaust wing heating system 
has been developed by equating the power required in level 
flight to the heat dissipation, and is given as follows: 



AT = 1.15 R — L„ ^ Y 



where 
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/\T practicatl.e wing surface tamperature rise, 
decrees F 

E ratio of nine heating to tnrust power 
p air density, It- sec^/ f t"^ 
V velocity, ft/sec 
Cp profile drag coefficient of complete airplane . 

C-^ lift coefficient 

K a function of aspect ratio 

J mechanical equivalent of heat, 
ft-lbs/Btu 

g acceleration of ^^ravity, ft/sec^' 

Cp specific heat of air at constant pressure 
Btu/l"b, degrees F 

The function ^^m ^. ^^ilo Amv defined in reference 
^ V Mm / 

2, and repres'outs ti^G heat transfer coefficient a. . 

The e:^-pra3sion for AT indicates that, in general, 
for modern commercial and nilitary airplanes, the tempera- 
ture rise varies as follows; 

(a) At increa^ies --;ith velocity, 

( h) AT increases with si?5e. 

The effect of aerodynamic heating is expressed in tlie 

function _ ^7hich was develoioed from reference 8 and 

investigated in reference 9. Increasing the velocity in-- 
^S^JL^^^"^^^ capacity, to heat "because the thrust power in- 
creases more rapidly than the surface heat loss, and de- 
crea^s^e^s the need for heating "because of the effect of 
ae rodynamic heat ing » 
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Increasing the size of the protected body not only 
reduces the heat transfer coefficient, "bat also reduces 
the ratio of the number of water drops which make contact 
with the" wing to the number of drops in the swept air 
volume (reference 10), 

In suD^mary, the disadvantages in the application of 
exhaust heating ar.e not great » The wei^::lit increase, based 
on the experimental . instailat ion in the Lockheed li^^-A air- 
plane, will probably vary bet\7een l/2 and IV^. percent of 
the total airplane weight. The diversion of exhaust gas 
from supercharging or ejector stacks may be avoided by 
the use of other heat sources, or a compromise made by 
using only a part of the engine exhaust gas heat for ice 
protection, the remainder for ai:gmenting the thrust. The 
complication in m.aintenance and cost of maintenance will 
probably be less than that in other widely used ice- 
protecting devices, . • * . 
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TABLE I 

Engine data and calculations of heat distribution. 



Table 1 



THE CALCULATIONS ARE FOR ONE ENGINE 
AND ONE WINO. 



Test 
No. 



Airspeed, 
Mph 

(Indicated) 



feet 



Air temp.^ 

Op 



Man* 
Press., 
ln> Hg 



FUel-alr 
ratio 



Engine 
speed, 

Rpm 




Engine 
Bhp 



Exhaust gas, 
Ib/hr 



1 

T 



111 



k2 



18*0 



0*076 2000 



151 

T5r 



2o5Sr 



J- 

TT 

TT 



i 
i 



T5r 
THC" 



3M: 



2100 



Test 
No* 



Heat through 
tall pipe, 
btu/hr 



Heat lost In 
nacelle, 
btu/hr 



Heat out 
wing tip, 
btuA^ 



Heat to wing 
surface, 
btu/hr 



Exhaust 
back- 
pressure. 



In. 



H2O 



Index 
No. 



1 



616.000 



186,000 
203.000 




.000 



2*0 




226 loop 




Sllj^OOO 



?o:ooo 

020,000 



22/4-. 000 



178.000 



;6:ooo 
^olooo 



.000 



Zooo 



^20,000 



146:000 



Ljooo 



IT 



92.000 



rooo^ 



5U.000 



119.000 

162.666 



000 



000 



000 



Indices: 1. Refer to figure l4 for graphic Illustration. 

2. Refer to figure I5 (a) for wing surface temperature rise* 
5* Refer to figure I5 (b) for wing surface temperature rise* 
Refer to figure 15 (c) for wing surface temperature rise* 
5» Exhaust discharged through normal port, none through wing. 



NACA 



Table 2 



TABLE !!• Temperatures observed In wing heating system. 
(The test numbers correspond to those used In table I» ) 



rest 



Mr- (lirLicated 
speedy mph« 



10 



11 



12 



15 



115 



118 



1§1 



165 



IkO 



12k 



130 



125 



251 



170 



25SL 



ermoc'ouple 
Location: 
Exhaust gas; 



T<mperrture« , 



m 



l257 



12l0 



ToB^ 



1360 
ISO 



Tool 



lh22 



T002 



1575 



US 

1130 



m 



Hi 



1125 



112? 

32£ 



1132 ii9& 



"350 



i 



112< 



Hi 



Structure: 



IHT 



31 



■23F 



"2511 



2F 



1 



21b 



18E 



21 



20 



25^ 



20 



m. 



15! 



-nr 



TT 



25 



2S 



125 



32 



31 



SB 



ST 



Circulating 

alrt 

TS 



106 
25^ 



■12^ 



T16 ^3ir 



T3B""T 




22 



if* 



27f 



I2F 



1 



1 



1 



wing avtrfaco! 



_22 



IJ5T 



TD7 



155 
T 



55 



Tio 



"5U 



"50- 



TC5 



2D 



i 

sin 



TI2 

"IT5 



-87 
"^ 



-50 



12! 



21 



TCI 



at. 



S2 
IT 



TIF 
IS 



To 



25 
1 



_1Q1 



S 



"55 
12 



-511 



9D 



"55 



25_IL 



llo 



JZ2 



JZ2. 



lOD 



121 



1 



170 



12" 



121 



121" 



1?D« 

Temperature 
of air; 



31 



66 



-51 



k2 



J4 



Index number 



Indices: 1« Normal fuel-air ratio, heat and circulating air 'full-on' • 

2. Normal fuel-air ratio, heat 'full-on', circulating air off. 

5* Wing heat off. 

1|. Lean fuel-air ratio, heat and circulating air 'full-on' • 

5. Rich fuel-air ratio, heat and circulating air 'full-on' • 

6. Lean fuel-air ratio, heat and circulating air 'full-on' 

In Icing conditions. ' 
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Figure 1.- The Ice Research airplane. A Lockheed 12A commercial transport airplane which has "been ^ 
altered to provide exhaust heating for the wings. 
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Fig. 2 



Tip Shroud 




Figure 2.- Exhaust heated wing showing the exhaust tube in the wing lead- 
ing edge and the path of the circulated air through the wing 
interior. 




.re 3.- Section view along a rib of the exhaust heated wing ohowing the internal structure of 
the wing and heating Bystem, 
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Figure 4.- A view looking downward in the pilots' cockpit showing the 

heating controls. The control handle marked No.l is used to 
vary the quantity of the engines' exhaust passed through the wings, and 
the handle No. 2 varies the q\iantity of air circulated through the wing 
interior. 




Figure 5.-^ The exhaust tail pipe and exhaust valve system of the left 

engine. As the butterfly velve in the elbow opens, the 
clapper valve over the normal exhaust port closes. 
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Figs. 6,7 




Figure 6.- A view of the mng section at the leading ed^e and joint 

between the main wing and center-section. The end of the 
exhaust tail pipe, to which is attached the wing exhaust tube, is shown. 




Figure 7.- Heated leading edge of wing 8hov:ing the inboard end 
of the wing exhaust tube. 
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Figs. 8,< 




AAL - IZ09 



Jj'igure 8.- An interior view of the wing leading edge, the exhaust tube 

removed, showing the coil spring type of support used at 
most wing stations where restraint was provided. 




Figure 9.~ An interior view of the tip end of the wing leading edge, 

the exhaust tube removed, showing the clip type support 
for the tube employed at the tip rib stations where restraint was 
provided. 
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Figs, 10,11 




Figure 11.- Exhaust heated wing tip. The exhaust gas is discharged from 
the wing tube into the leading edge shroud from which it 
passes to the atmosphere through the opening shown. 
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Figure 12.- Thermocouples for measuring the temperature of exhaust 
gas, structural members, circulating air, and the metal 
skin of the heated wing# 



Figure 13.- The leading edge of the test air- 
plane after a flight in icing con- 
ditions. Ice was prevented on the 
wing surface by the use of exhaust 
heating. The ice on the tell-tale 
strut mounted above the wing indi- 
cates the type of ice which would 
have formed on the wing had not 
protection been providedo 
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Pig. 14 



4-19,000 BtuXhr, exhaust gas 
heat at wing tip discharge 



heat applied to 
ice prevention 




673,000 Stuyhr, exhaust 
gas heat entering wing 



792, OOO Btu/hr, engine 
exhaust heat in 
collector ring 

1 19,000 BtuXiir exhaust heat 
iost before exinaust gas enters 
wing duct 

Plgiire llf. The heat distribution of the wing heating systern* The figure 
illustrates the distribution for the case in which all of the exhaust gas 
is discharged at the wing tip. See table 1, test No, 15« 



Temperature plotted 
perpendicular to 
surface in 





(c) 



Data 
Air speed, mph 
Fuel -air ratio 
Circulating air 
Atmosphere 
A/titude, ft 
Air temperature/ 
Test no. 



fa) 
165 
0.076 
Off 
No c/ouds 
6900 
42 
3 



(b) 
/6S 
0.079 
On 
No clouds 
7000 
^3 
4 



(c) 

150 
0.012 

On 
Icing 
I2790 

24 

13 



Figure 15. The temperature rise above air stream temperature of the heated 
wing surface, showing the results of three typical fllglit conditions. 



